Cell Culture and Synchronization 3Y1 (rat embryo fibroblasts) and HL-60RG (human promyelocytic leukemia) were provided by the Health Science Research Resources Bank (Sennan, Osaka, Japan). 3Y1 and HL-60RG cells were cultured in DMEM and RPMI-1640 medium supplemented with 10% heat-inactivated FCS, 50 U/ml penicillin and 50 mg/ml streptomycin at 37°C in a humidified atmosphere of 5% CO 2 in air, respectively. For cell synchronization at G 0 /G 1 phase, 3Y1 (3ϫ10 5 ) and HL-60RG cells (2ϫ10 6 ) were cultured in the medium supplemented by 0.5% of FCS for 36 h and RPMI1640 without FCS for 48 h, respectively. To examine the effect of chemicals, cultures were growth arrested as described above, followed by incubation in medium supplemented with 10% FCS containing HBP, GBP, and pancratistatin at a concentration of 2.5 mM. At the indicated time points after release, cells were harvested and their progress in cell cycle was determined by flowcytometry (FACScan, Becton Dickinson, Franklin Lakes, NJ, U.S.A.). For cell synchronization at late G 1 /early S-phase, 3Y1 cells (3ϫ10 5 ) were growth arrested by serum deprivation (DMEM with 0.5% FCS) for 48 h, followed by incubation in medium supplemented with 10% FCS for 10 h. The cells were treated with 10 mM hydroxyurea for another 14 h. For relieving cells from late G 1 /early S-phase, the cells were washed with phosphate buffered saline (PBS) and cultured in the medium supplemented with 10% FCS containing HBP, GBP, and pancratistatin in a concentration of 2.5 mM. At the indicated time points after release, cells were harvested and their progress in cell cycle was determined by flowcytometry.
Flow Cytometric Analysis 3Y1 and HL-60RG cells exposed to HBP, GBP, and pancratistatin for the indicated time were harvested by centrifugation and washed with PBS. The cells were fixed with ice-cold 70% methanol for 30 min, washed with PBS, and then treated with 1 ml of 1 mg/ml RNase A solution (containing 0.112 mg/ml trisodium citrate) at 37°C for 30 min. Cells were harvested by centrifugation at 400ϫg for 5 min and stained with 250 ml of nuclear staining solution (10 mg propidium iodide, 0.1 mg trisodium citrate, and 0.03 ml Triton X-100 were dissolved in 100 ml H 2 O) at room temperature for 30 min in the dark. After adding 750 ml PBS, the DNA content in each cell cycle phase was determined by FACScan (Beckton Dickinson).
Cytotoxic Assay One tenth milliliter of cell suspension of 3Y1 cells (5ϫ10 4 cells/ml) was seeded into a 96-multiwell plate and cultured for 24 h. After washing the cells with PBS, 0.1 ml of medium containing various concentrations of HBP, GBP, pancratistatin, methotrexate, and vinblastine were added into the cultures, followed by incubation in a humidified atmosphere of 5% CO 2 in air for the indicated time. The cytotoxic activity was determined by measuring the surviving cell number using the MTT method. 18) Analysis of DNA Fragmentation by Agarose Gel Electrophoresis HL-60RG cells (2ϫ10 6 cells/10 ml/dish) exposed to 2.5 mM HBP, GBP, and pancratistatin for 3, 6, and 9 h were collected in a tube and then washed with PBS. The cells were incubated for 10 min in 500 ml of lysis buffer (20 mM Tris-HCl pH 7.4, 10 mM EDTA, 0.2% Triton X-100) at room temperature and centrifuged at 10000ϫg for 10 min at 4°C. The supernatant was incubated overnight at 50°C with 100 mg/ml proteinase K. DNA was extracted with 1 vol. of chloroform/phenol (1 : 1), precipitated from the aqueous phase with 1 vol. of isopropanol and 500 mM NaCl at Ϫ20°C overnight and collected by centrifugation at 14000ϫg for 30 min at 0°C. The pellet was suspended in 70% ethanol, centrifuged at 14000ϫg for 10 min at 0°C, then dried under reduced pressure and incubated in 25 ml of 10 mM Tris-HCl, pH 7.5 and 1 mM EDTA for 1 h at 37°C with 1 mg/ml RNase A. Samples were heated at 65°C for 10 min and applied to agarose gel electrophoresis after addition of loading buffer. Horizontal electrophoresis was performed for 1 h at 80 V in 1.5% agarose gel with Tris-borate/EDTA electrophoresis buffer (ϫ0.5). After treatment of gel with 0.5 mg/ml of ethidium bromide for 10 min, DNA was visualized by UV illumination.
RESULTS
To evaluate the cytostatic activity of HBP and GBP which are derivatives of pancratistatin, we first studied the effect of both alkaloids on rat embryo fibroblasts 3Y1. 3Y1 (5ϫ10 4 / ml) were incubated with HBP and GBP for 48 h at varying concentrations and thereafter the viability of cells was determined according to the MTT method. As shown in Fig. 1A , HBP inhibited cell proliferation at an IC 50 smaller than that of pancratistatin, while GBP showed a cytostatic activity similar to that of pancratistatin. When the time course of cell death was examined at a concentration of 2.5 mM, HBP and GBP completely inhibited the proliferation, but they did not show significant cytotoxicity until 48 h (Fig. 1B) .
Therefore, the effect of HBP and GBP on the progression of cell cycle was evaluated using 3Y1 fibroblasts synchronized at G 0 /G 1 phase by serum deprivation (DMEM with 0.5% FCS) for 36 h as described in the legend of Fig. 2 . In control fibroblasts, the addition of the medium containing 10% FCS led the cells to S phase from 12 h after the addition. At 21 h after the addition of serum, the cells began to accumulate at G 1 phase again. In contrast, the addition of HBP, GBP, and pancratistatin completely abolished the release from G 0 /G 1 (Fig. 2) .
We then examined the effect on 3Y1 fibroblasts, which were synchronized at late G 1 /early S phases by treating cells with 10 mM of hydroxyurea for 14 h. The detailed procedure is described in the legend of Fig. 3 . In control cells, most cells entered into G 2 /M phase 6 h after hydroxyurea removal and returned to G 0 /G 1 phase by 12 h. On the other hand, HBP-treated cells were arrested at late G 1 /early S phases until 12 h after hydroxyurea removal, indicating that HBP appeared to inhibit DNA synthesis. GBP and pancratistatin treatment did not prevent the shift from late G 1 /early S to G 2 /M phase, but the progress was slower than control cells. The Amaryllidaceae alkaloid vinblastine is well known to bind to tubulin and inhibit microtubule assembly, resulting in cell arrest at M phase. 19) In fact, although data is not shown, vinblastine forced cells to accumulate at G 2 /M phase in this protocol.
We have already shown that HBP and GBP were cytotoxic against various kinds of tumor cells. 16, 17) In the present study, we found that the cell death which HBP and GBP induced in HL-60RG cells was apoptosis, evidenced by the fact that they caused the cleavage of chromosomal DNA in HL-60RG cells (Fig. 4) , which is regarded as a biochemical marker of apoptosis.
We then examined the effects of HBP and GBP on the progression of cell cycle using HL-60RG cells synchronized at G 0 /G 1 phase by serum deprivation. As 3Y1 fibroblasts, HL-60RG cells stayed at G 0 /G 1 phase until 9 h and then entered into S phase from 12 h after the addition of FCS. As shown in Fig. 5 , HBP or GBP treatment did not affect the distribution of cell cycle phases significantly, whereas the cells in sub G 0 /G 1 phase, which indicated dead cells, increased with time, thus indicating that HBP and GBP induced cell death in the tumor cells arrested at G 0 /G 1 phase.
DISCUSSION
We have studied the cytotoxicity shown by Amaryllidaceae alkaloids to date and clarified that two derivatives of pancratistatin, HBP and GBP, showed potent cytotoxicity against various tumor cells. 16, 17) In the present study, to address the mechanism underlying the cytotoxicity of Amaryll- idaceae alkaloids, we examined the regulatory action of the alkaloids on the cell cycle. For this purpose, we used rat embryo fibroblasts 3Y1, which are widely used in the study of cell cycle and cell synchronization, because HBP and GBP showed only a mild cytotoxicity against 3Y1 cells, when compared with other tumor cells.
Many methods have been reported to study the cell cycle to date. Among them, serum deprivation and hydroxyurea were selected to synchronize cells at G 0 /G 1 and late G 1 /early S phases, respectively. Serum deprivation is a commonly used method to synchronize cell lines at the G 0 phase of the cell cycle. Hydroxyurea, which inhibits ribonucleotide reductase activity, 20) can cause a reversible late G 1 /early S-phase arrest.
According to both methods, HGB was found to block the release from G 0 /G 1 phase and inhibit the progression through S phase. In the serum deprivation experiment, when HBP was added at late S/G 2 phase, HBP did not suppress the progression, suggesting that HBP does not influence G 2 /M phase (data was not shown). However, as alkaloids like vinblastine 3Y1 fibroblasts were plated at a concentration of 3ϫ10 5 /ml and maintained in DMEM containing 0.5% fetal bovine serum (FBS) for 36 h to arrest the cells at G 0 /G 1 phase. Following the incubation, 3Y1 fibroblasts were incubated in the medium supplemented with 10% FCS containing HBP, GBP, and pancratistatin in a final concentration of 2.5 mM. Then, at every three hours after release from G 0 /G 1 phase, the progression of cell cycle was determined by flowcytometry after staining the cells with propidium iodide. Data at 0, 12, 15, 18, and 21 h are represented in this figure. and vincristine arrested cells at M phase by inhibiting microtuble assembly, 19) further study of HBP is required to elucidate the mechanism. On the other hand, GBP was found to arrest at G 0 /G 1 , but not S and G 2 /M phases. HBP is devoid of a glucose residue on the hydroxybutyryl group of GBP and appears to differ from GBP in solubility in water or permeability of membrane. This indicates that HBP should be able to access the machinery of the cell cycle more easily than GBP, resulting in extensive inhibition of cell proliferation.
In the study using tumor cells HL-60RG, HBP and GBP suppressed the progression into S phase, as evidenced in 3Y1 fibroblasts. In addition, both alkaloids increased sub G 0 /G 1 population, indicating that they induced apoptosis. The reason why the arrest at G 0 /G 1 phase for long time induces apoptosis in tumor cells is not clear.
Recently, agents causing cell cycle-mediated apoptosis are 21) There are also some reports concerning the efficacy of cell cycle inhibitors in rheumatoid arthritis. CDKI is effective to suppress collagen-induced arthritis in mice by inhibiting synovial cell proliferation. 22, 23) Paclitaxel, which is a unique antineoplastic agent and induces arrest of the cell cycle at G 2 /M phase and apoptosis, is also known to suppress collagen-induced arthritis. 24) In addition, inhibition of the cell cycle is also reported to be useful for the prevention of atherosclerosis. PCA-4230, which blocks cyclin D1 and cyclin A expression and abrogates hyperphosphorylation of the retinoblastoma gene product, suppressed the growth of human vascular smooth muscle cells in vitro. 25) Gene therapy strategies targeting CDK2 and E2F function and Rb hyperphosphorylation have proven efficient at preventing vascular proliferative diseases in animal models 26, 27) and human bypass-graft atherosclerosis. 28) Thus, accumulating evidence suggests that the regulation of the cell cycle of the pathogenetic cells implicated in various chronic diseases is able to stop or improve the development of diseases. Therefore, the agents that can modulate cell progression or arrest cells at a specific cell cycle phase should provide a useful novel therapy for cell proliferating diseases. Our finding in this study that HBP and GBP inhibit the progression through specific cell cycle phases may provide a potential therapy for cancer, rheumatoid arthritis, atherosclerosis and so on. HL-60RG cells (2ϫ10 5 cells/ml) exposed to 2.5 mM HBP and GBP for 3, 6, and 9 h were harvested, followed by DNA extraction according to the method described in Materials and Methods. The DNA extracted was subjected to electrophoresis on 1.5% agarose gel. Lane 1, 100 b.p. ladder marker; lane 2, control; lane 3-5, HBP; lane 6-8, GBP.
